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The replication of chromosomes in meiosis is an important first step for subsequent chromosomal interactions that promote accurate
disjunction in the first of two segregation events to generate haploid gametes. We have developed an assay to monitor DNA replication in vivo in
mitotic and meiotic germline nuclei of the nematode Caenorhabditis elegans. Using mutants that affect the mitosis/meiosis switch, we show that
meiotic S phase is at least twice as long as mitotic S phase in C. elegans germ cell nuclei. Furthermore, our assay reveals that different regions of
the genome replicate at different times, with the heterochromatic-like X chromosomes replicating at a distinct time from the autosomes. Finally,
we have exploited S-phase labeling to monitor the timing of progression through meiotic prophase. Meiotic prophase for oocyte production in
hermaphrodites lasts 54–60 h. Further, we find that the duration of the pachytene sub-stage is modulated by the presence of sperm. On the other
hand, meiotic prophase for sperm production in males is completed by 20–24 h. Possible sources for the sex-specific differences in meiotic
prophase kinetics are discussed.
© 2007 Elsevier Inc. All rights reserved.Keywords: C. elegans; DNA replication; Germ line; Meiosis; ProphaseIntroduction
Meiosis is the specialized cellular differentiation pathway
that allows diploid organisms to generate haploid gametes for
sexual reproduction. To ensure that each haploid gamete
receives the correct complement of DNA, a well-ordered pro-
gram of events takes place. First, meiosis must occur at the
correct time and place such that only a subset of germ cells
initiates the meiotic program. This is controlled by complex
signaling pathways, which integrate both internal and external
cues (Lee and Amon, 2001). Second, chromosomes must be
faithfully replicated, followed by a lengthy prophase where
homologous chromosomes pair, synapse, and recombine
(Kleckner, 1996; Roeder, 1997; Zickler and Kleckner, 1999).
The chiasmata formed during recombination ensure proper
segregation of homologous chromosomes at the meiosis I
division (Lee and Amon, 2001; Zickler and Kleckner, 1999).⁎ Corresponding author. Fax: +1 530 752 3085.
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doi:10.1016/j.ydbio.2007.05.019This is followed by a second division, without an intervening S
phase, that separates sister chromatids.
Until recently, the S phase immediately preceding meiotic
prophase was considered a separate event from the rest of
meiosis and was thus termed “premeiotic” S. However, a number
of studies indicate that this S phase is an integral part of meiosis
and sets the stage for subsequent chromosome interactions
(Baltus et al., 2006; Borde et al., 2000; Cha et al., 2000; Merino
et al., 2000; Murakami et al., 2003;Watanabe et al., 2001). Thus,
we will refer to this replication mode as meiotic S.
DNA replication involves the formation of replication com-
plexes, at specific sites in the genome termed origins of
replication, that traverse the DNAwhile synthesizing the nascent
DNA strands (Kelly and Brown, 2000; Waga and Stillman,
1998). While the same basic machinery is used to duplicate
chromosomes in both mitosis and meiosis, the regulatory con-
trols for these two replication modes appear distinct (Hollings-
worth and Sclafani, 1993; Simchen and Hirschberg, 1977;
Williamson et al., 1983; Zamb and Roth, 1977). Another diffe-
rence between meiotic and mitotic S phase, in the few organisms
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longiflorum, Triturus vulgaris), is that meiotic S phase takes
considerably longer than mitotic S phase (Callan, 1973; Hotta
and Stern, 1971; Williamson et al., 1983). In S. cerevisiae the
same origins, with the same relative efficiencies, are utilized in
the left most 200 kb of chromosome III in mitosis and meiosis
(Collins and Newlon, 1994), suggesting that the extended length
of meiotic S phase is not due to differential origin usage.
However, analysis of chromosomeVI origins suggests that some
origins may not be efficiently fired inmeiosis due to proximity of
actively transcribed meiosis-specific genes (Mori and Shirahige,
2007). In addition, replication fork movement rates, fork
lengths, and Okazaki fragment sizes are similar in mitotic and
meiotic S phase (Cha et al., 2000; Collins and Newlon, 1994;
Johnston et al., 1982). Thus, the basis for the difference in S
phase length is unclear but presumably is important for the
unique events that occur during meiotic prophase.
Most of the studies probing the relationship between meiotic
S phase and prophase have been conducted in yeast. However,
the nematode, Caenorhabditis elegans, has several unique
features that make it advantageous for exploring the relationship
between meiotic DNA replication and chromosome dynamics.
As in mammals, C. elegans meiosis is restricted to occur in
germ cells, which are set apart from somatic cells early in
development. Germ cell nuclei are contained within a syncytial
gonad, which allows for the introduction of small molecules by
microinjection. The C. elegans germ line provides a rich source
of meiotic cells as approximately half of the cells in the adult
worm are undergoing meiosis. Furthermore, germ cell nuclei
representing all stages of meiotic prophase are arranged in a
temporal/spatial gradient within the gonad and are easily
visualized (Fig. 1A). The distal most end of each arm of the
two-lobed adult gonad contains a population of 200–250 germ
cell nuclei (Crittenden et al., 2006; Killian and Hubbard, 2005;
Maciejowski et al., 2006) and is termed the proliferative zone.
As nuclei move proximally, they enter meiotic prophase (lepto-
tene and zygotene) and chromosomes move to one side of the
nucleus concomitant with homolog pairing (transition zone)
(Dernburg et al., 1998; MacQueen and Villeneuve, 2001).
Beginning at the transition zone and extending into pachytene,
the synaptonemal complex (SC) is laid down between the two
aligned homologous chromosomes. Synapsis of homologs is
complete at pachytene, where chromosomes are localized to the
nuclear periphery and visualized as string-like structures. As
nuclei round the bend of the gonad they enter diplotene; during
diplotene the chromosomes desynapse, but condense and
remain associated with their homolog by chiasmata. As nuclei
enter diakinesis chromosomes detach from the nuclear envelope
and continue to condense (Goldstein and Slaton, 1982). Nuclei
in diakinesis have entered the proximal gonad and are packaged
into oocytes. This stage is characterized by six bivalents in wild-
type animals (Villeneuve, 1994).
To explore the relationship between DNA replication and
chromosome behavior in the germ line of C. elegans, we have
developed an assay that entails microinjection of fluorescently
labeled nucleotides into the C. elegans gonad. Our analysis of
germline DNA replication revealed that nuclei in the region ofthe proliferative zone immediately adjacent to the transition
zone are in meiotic S phase. Furthermore, we found that the
duration of meiotic S phase is at least twice as long as mitotic S
phase. Our analysis also revealed that different regions of the
genome replicate at different times, with the heterochromatic-
like X chromosomes replicating at a different time from bulk
DNA replication. Finally, we have discovered sex-specific
differences in the kinetics of meiotic prophase.
Materials and methods
Nematode strains
Bristol worms (N2) were propagated under standard procedures at 20 °C
(Brenner, 1974), unless otherwise noted. The following strains were used:
BS913: unc-32(e189) glp-1(oz112)/unc-36(e251) glp-1(q175) III
JK509: glp-1(q231)/glp-1(q231) III
CB4108: fog-2(q71)/fog-2(q71) V
MT2547: ced-4(n1162)/ced-4(n1162) III
The glp-1(oz112) was maintained over the loss of function glp-1(q175)
allele by picking heterozygous hermaphrodites (wild-type phenotype) and
propagating at 15 °C. Coiler L4 progeny, homozygous for glp-1(oz112) and
unc32(e189) were picked to a fresh seeded plate 16 h prior to injection and held
at 15 °C, shifted to 25 °C 2 h prior to the first injection, and maintained at 25 °C
until 2 h after the second injection. The same temperature regime for analysis of
DNA replication timing was used for N2 and homozygous glp-1(q231) worms.
Some of the nematode strains used in this work were provided by the
Caenorhabditis Genetics Center, which is funded by the NIH National Center for
Research Resources (NCRR).
Microinjection of fluorescent nucleotides
Injection of fluorescent nucleotides was essentially identical to injection of
double stranded RNA (Hope, 1999). Specifically, worms, in sets of 5, were
immobilized by mounting them on an agarose pad on a coverslip in halocarbon
oil and immediately transferred to the injection microscope. The worms were
injected with ∼0.2 to 2 pmol of Cy3-dUTP (cat. #PA53022; Amersham Bio-
sciences; Piscataway, NJ) or Alexa Fluor-488-dUTP (cat. #C11397; Molecular
Probes, Invitrogen; Carlsbad, CA) into the gonad near the distal tip. The worms
were recovered immediately after injection in M9 buffer and transferred to a
fresh seeded plate. Worms injected with fluorescent nucleotides appeared to
progress normally and laid an equivalent number of eggs as uninjected age-
matched worms.
Hydroxyurea treatment
Hydroxyurea (HU) worm plates were prepared as described in MacQueen
and Villeneuve (2001). N2 L4 larvae were picked to HU (∼25 mM) plates and to
control plates (−HU) and held for 16 h at 20 °C. The worms were then
microinjected with ∼2 pmol of Cy3-dUTP into the distal end of the gonad.
Immediately following injection (15±5 min), worms were dissected in egg
buffer containing 0.1% Tween 20 (Dernburg et al., 1998). Fixation was carried
out in 3.7% paraformaldehyde on slides, which were frozen in liquid nitrogen
before immersion into −20 °C methanol. Immunofluorescence microscopy was
used to monitor the number of Cy3-labeled nuclei. Fluorescence intensities were
quantified using AxioVision 4.0 software to measure the density mean of pixel
intensity.
DNA replication timing experiments
Adult worms 16 h post-L4 larval stage were first microinjected with ∼0.2
pmol of Cy3-dUTP and were immediately transferred in M9 liquid to seeded
plates. At various times (T=0, 1, 2, 3, 4, 5, and 6 h) the same worms were
injected with ∼2.0 pmol of Alexa Fluor-488-dUTP. Worms were dissected and
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determine the number of nuclei labeled with Cy3 only, the number of nuclei that
were labeled with Alexa Fluor-488 only, and the number of nuclei that were co-
labeled with Cy3 and Alexa Fluor-488. To compare data between strains, the
time when 50% of labeled nuclei were co-labeled (t(50% co-labeled)) was calculated
by fitting the data to a linear model and using the linear equation given by the
trend line.Antibody staining
Rabbit anti-HIM-3 (1:200) (Zetka et al., 1999) was generously provided
by Monique Zetka. Rabbit anti-Histone 3 dimethyl-Lysine 9 (H3 methyl-K9)
(1:500) (cat. #07-441) (Kelly et al., 2002) and rabbit anti-Histone 3 phospho-
Serine 10 (H3 p-S10) (10 μg/ml) (cat. #06-570) were purchased from
Upstate USA, Inc. (Charlottesville, VA). Guinea pig anti-HIM-8 (Phillips et
Fig. 2. Meiotic DNA replication precedes assembly of meiosis-specific
chromosomal axis structures. Shown is a projection of single layer of nuclei
from a wild-type hermaphrodite gonad fixed immediately after injection with
Cy3-dUTP (red) and counterstained with anti-HIM-3 (green) and DAPI. Cy3
labeled nuclei are in the proliferative zone just distal to the transition zone; HIM-
3 is found from the transition zone through metaphase I. Most nuclei are labeled
with red or green but not both. A few nuclei have both red and green, but the
signals do not overlap (arrow). ∗Indicates the distal tip of the gonad. Scale bars
represent 25 μm.
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antibodies, Alexa Fluor-488 donkey anti-rabbit (1:200) and Alexa Fluor-488
goat anti-guinea pig (1:200) were purchased from Molecular Probes,
Invitrogen (Carlsbad, CA).
Antibody staining of gonads was performed essentially as in Martinez-Perez
and Villeneuve (2005) with the following alterations: The gonads were blocked
with 0.7% BSA in PBST for 1 h; slides were mounted in 80% glycerol
containing DABCO. The slides were imaged using an API DeltaVision decon-
volution microscope. Images were deconvolved using APLLC Explorer Suite
SGI-based deconvolution and visualization software.
Monitoring meiotic progression
Meiotic progression assays were carried out using indicated staged worms.
The gonads were microinjected with ∼2 pmol of Cy3-dUTP into the distal end
of the gonad. Worms were allowed to recover in M9 buffer on seeded plates. At
indicated times post injection gonads were dissected out of the worms as
described above. Fluorescence microscopy was used to monitor progression of
the labeled nuclei relative to meiotic prophase stages determined by DAPI
staining and position along the distal–proximal axis of the gonad. Labeled
nuclei that were within the first 20–24 cell diameters from the distal tip were
scored as residing in the Proliferative Zone (PZ). Transition Zone (TZ) was
scored beginning with the first row where 2 or more nuclei exhibited a crescent
shape morphology (∼20–25 cell diameters from distal tip) until the last row
with crescent shaped nuclei. Pachytene (P) was characterized by nuclei
containing thread like DAPI staining bodies adjacent to the TZ, while Late
Pachytene (LP) nuclei were in the proximal part of the gonad distal to Diplotene
(DP). Nuclei in DP displayed condensed chromatin and were observed at the
bend in the gonad. Nuclei in diakinesis (DI) have entered the proximal gonad
and were characterized by six bivalents. Quantification of Cy3-labeled nuclei
was also carried out on these fixed gonads.Results
DNA replication in the C. elegans germ line
To monitor DNA replication in the C. elegans germ line, we
developed an assay that entails microinjection of fluorescently
labeled nucleotides (Cy3-dUTP) into the distal arm of the
syncytial gonad of young adult worms. To determine if injection
of the fluorescently labeled nucleotides negatively impacted the
worms, we monitored brood size in injected animals, with and
without the fluorescent nucleotide, and untreated controls. We
observed an average brood size of 253±73 for Cy3-dUTP
injected worms (n=12), 248±37 for worms (n=13) injected
with buffer only and 276±46 for the untreated controls (n=9).
Thus, there does not appear to be an obvious negative effect of
injection of fluorescent nucleotides on the reproductive
potential of the worms.Fig. 1. DNA replication in the adult hermaphrodite germ line. The adult hermaphrodit
center of the animal with an opening mid-ventrally at the uterus. (A) Cartoon of one
(green), which sends a proliferation signal to the germ line. The distal end of the gon
nuclei move proximally they enter meiotic prophase in the transition zone, whic
chromosome clustering). As nuclei continue to move proximally they progress thro
sperm (black) and then switch to oocyte production (light blue and dark blue) begin
gonad represent the number of rows from the distal tip cell. (B) High magnification im
of Cy3-dUTP labeled nuclei at the indicated rows (nuclear diameters) from the distal t
where both proliferative and transition zone nuclei are observed. Seven gonads were
gonad dissected and fixed immediately following injection (15±5 min) with Cy3-dUT
time of injection. Scale bar represents 50 μm. (E) Untreated and (F) hydroxyurea (+
dissected and processed as above [top Cy3 alone; bottommerged image with Cy3 (red
Scale bars represent 25 μm. ∗Indicates the distal tip of the gonad.To examine the pattern of incorporation of Cy3-dUTP into
germline nuclei, gonads were dissected following injection,
counterstained with DAPI and visualized by fluorescence
microscopy. Analysis of Cy3 fluorescence following the
injection and subsequent dissection (15±5 min after the time
of injection) revealed that the label was incorporated into DNA
as judged by co-labeling of Cy3 and DAPI (Fig. 1B). To
examine the position of nuclei within the germ line that label
with Cy3 we assigned each nucleus to a row measured from the
distal tip cell as previously described (Crittenden et al., 2006;
Maciejowski et al., 2006) (Fig. 1A). Approximately 40–50% of
the nuclei within rows 3–20 were labeled with Cy3 (Fig. 1C).
Nuclei closest to the distal end of the gonad did not label with
the same intensity as those nuclei more proximal (Fig. 1D). This
is unlikely to be a consequence of where the nucleotides are
introduced as nucleotides injected at various positions along the
gonad, distally or proximally, resulted in the same labeling
pattern (data not shown). This suggests that the nucleotides are
freely diffusible within the syncytial gonad.e gonad has two arms, which are tubular in structure and are reflexed towards the
gonad arm. The gonad is capped at the distal end by the somatic distal tip cell
ad contains a population of proliferating germ cell nuclei (light blue), and as the
h corresponds to leptotene/zygotene stages (blue-gray crescents, representing
ugh pachytene, diplotene and diakinesis (dark blue) and first differentiate into
ning at the L4 stage (April 4, Ellis, 2006). Numbers below the distal end of the
age of labeled nuclei. Scale bar represents 5 μm. (C) Chart showing the percent
ip cell. Solid line indicates the proliferative zone; dashed lines indicate the region
examined; standard error is shown. (D) Image of extruded adult hermaphrodite
P. Cy3-dUTP labeled nuclei were captured actively undergoing replication at the
HU) treated adult hermaphrodites were injected with Cy3-dUTP, gonads were
) and DAPI (blue)]. Panels E and F images were taken at the same exposure time.
Fig. 3. Length of S phase in the germ line. (A) Images of extruded gonads, which
had been injected with Cy3-dUTP (red) and Alexa Fluor-488-dUTP (green)
together at T=0 h (left) and separated by a 6 h interval (T=6 h; right) and the
corresponding DAPI images in black and white (below). At T=0 h the majority
of labeled nuclei are co-labeled, indicating that they efficiently incorporate both
nucleotides. When the second labeled nucleotide was injected 6 h later (T=6 h)
then the first, there is a clear separation between the nuclei that are labeled with
Cy3 and nuclei labeled with Alexa Fluor-488. Nuclei that were undergoing
replication at the time of the first injection are no longer replicating at the time of
the second injection (6 h). ∗Indicates the distal tip of the gonad. Scale bars
represent 25 μm. (B) Chart showing the percent of labeled nuclei labeled with
Cy3 only (red), Alexa Fluor-488 only (green), or both (co-labeled; yellow) for
the indicated time intervals between injection of the first and second nucleotide.
Wild-type adult hermaphrodites raised at 20 °C. The number of gonads
examined for each time point is as follows: 0 h=25, 1 h=10, 2 h=9, 3 h=7,
4 h=9, 5 h=10, and 6 h=10; standard error is shown.
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into newly synthesized DNA, we treated worms with hydro-
xyurea (HU) prior to injection. HU blocks the active site of
ribonucleotide reductase effectively blocking the synthesis of
deoxynucleotides, thus inhibiting DNA replication (Slater,Fig. 4. Meiotic S phase is longer than mitotic S phase. (A–C) Charts showing the perc
and co-labeled (yellow) for the indicated time intervals between injection of the first a
number of gonads examined for each time point is as follows: 0 h=14, 1 h=5, 2 h=7,
enriched), in which germ cell nuclei remain in mitosis and form a germline tumor, shi
3 h=6, 4 h=8, 5 h=8, and 6 h=6; standard error is shown. (C) glp-1 (lf-meiosis enri
each time point is as follows: 0 h=16, 1 h=11, 2 h=9, 3 h=8, 4 h=8, 5 h=10, and
glp-1 gain-of-function (mitosis enriched S; circles) and loss-of-function (meiosis e1973). Wild-type worms exposed to HU had a significant
reduction in the intensity of Cy3 fluorescence (relative
intensity=507±151; n=8) compared to worms that were not
treated with HU (relative intensity=1300±540; n=9; pb0.004)
(Figs. 1E, F), indicating that HU blocked incorporation of the
fluorescent nucleotide. Taken together, these results suggest that
the injected Cy3-dUTP is rapidly incorporated into replicating
DNA.
We next examined the relationship between the incorporated
labeled nucleotides and assembly of meiotic prophase-specific
chromosome structures. To this end, we monitored loading of
HIM-3, a component of the axial element of the SC, which is
initially found on chromosomal axes in nuclei in the transition
zone and is maintained on chromosomes through metaphase I
(Zetka et al., 1999). Immediately following injection of young
adult N2 hermaphrodites with Cy3-dUTP, gonads were
dissected and HIM-3 localization detected by immunofluores-
cence. Cy3-labeled nuclei were found primarily in the
proliferative zone, while HIM-3 was observed beginning at
the transition zone (Fig. 2). The majority of the nuclei were
labeled with either Cy3 or HIM-3; however, in a few nuclei
at the proliferative/transition zone boundary, both Cy3 and
HIM-3, while not overlapping, were observed within the same
nucleus (Fig. 2; arrow). This suggests that meiotic DNA
replication is completed prior to loading of meiosis-specific
chromosomal proteins, but within a nucleus some chromosomal
domains are still being replicated while other regions have
begun loading HIM-3.
Meiotic S phase is longer than mitotic S phase in the C. elegans
germ line
To examine the relative length of S phases in the C. elegans
germ line, a double injection assay was used. Young adult
hermaphrodites were first injected with Cy3-dUTP. These same
worms were then injected with a second fluorescent nucleotide
(Alexa Flour-488-dUTP) zero (T=0) to six (T=6) hours later.
Double-injected gonads were dissected out of the worms and
fluorescence was monitored by microscopy to determine the
numbers of nuclei that were labeled with Cy3 only, Alexa Fluor-
488 only, and nuclei that were co-labeled (Fig. 3). Co-labeled
nuclei represent nuclei that at time zero were actively replicating
and were still actively replicating their DNA at the time of the
second injection. The fraction of labeled nuclei that were co-
labeled decreased from 100% at time zero to only ∼1% at 6 h,
indicating that by 6 h essentially all nuclei that incorporated
Cy3-dUTP at time zero had largely completed DNA replication
(Fig. 3). By fitting the data from these experiments to a linear
model, we calculated the time at which 50% of the labeled
nuclei were co-labeled (t(50% co-labeled)); we will use thisent of labeled nuclei labeled with Cy3 only (red), Alexa Fluor-488 only (green),
nd second nucleotide. (A) Wild-type adult hermaphrodites shifted to 25 °C. The
3 h=7, 4 h=6, 5 h=11, and 6 h=5; standard error is shown. (B) glp-1 (gf-mitosis
fted to 25 °C. Number of gonads examined: 0 h=12, 1 h=10, 2 h=10, 2.5 h=8,
ched) germ cells enter meiosis prematurely. The number of gonads examined for
6 h=7; standard error is shown. (D) Graph comparing co-labeling frequency of
nriched S; diamonds).
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phases under different experimental conditions. In N2
hermaphrodites raised at 20 °C, t(50% co-labeled) was 2.5 h.
The proliferative zone of the germ line contains both actively
proliferating nuclei and nuclei that are preparing to enter
meiosis; hence nuclei undergoing both mitotic and meiotic S
phase can incorporate fluorescent nucleotides. To determine the
relative contributions of these two types of S phases in our
timing assay, we took advantage of mutants in the GLP-1
signaling pathway. GLP-1 is the germ-line receptor for a
proliferation signal derived from the distal tip cell of the somatic
gonad (Crittenden et al., 1994). glp-1 gain-of-function mutants
form germline tumors because nuclei fail to exit the mitotic cell
cycle and hence do not enter meiosis (Berry et al., 1997), while
loss-of-function mutants prematurely enter meiosis (Austin and
Kimble, 1987). Both the gain-of-function and loss-of-function
glp-1 alleles we used are temperature sensitive and thus require
a shift to 25 °C to elicit the mutant phenotype. For these
experiments, we incubated the worms for 2 h at 25 °C prior to
the first injection and then held the worms at 25 °C during the
second injection/fixation schedule. To determine the penetrance
of the glp-1 alleles under these conditions, we monitored
phosphorylation of Serine 10 on Histone 3 (H3 p-S10), which is
a marker for M-phase (Hendzel et al., 1997). In N2 worms
incubated under these conditions, 6±3 germline nuclei were H3
p-Ser10 positive (n=18 gonads), while in the glp-1(oz112)
gain-of-function 26±8 H3 p-S10 positive germline nuclei were
observed (n=17 gonads). Conversely, only 0.2±0.7 germline
nuclei were H3-pS10 positive in the glp-1(q231) loss-of-
function mutant (n=18 gonads). Thus, under these experi-
mental conditions the gain-of-function mutant worm germ lines
were enriched for nuclei undergoing mitotic S, while the loss-
of-function mutant worm germ lines were enriched for nuclei
undergoing meiotic S.
Initially, we repeated the analysis of S phase timing in N2
worms that were incubated for 2 h at 25 °C prior to the first
injection and then held at 25 °C during the second injection/Fig. 5. The X chromosomes replicate at a different time from bulk DNA replication in
showing late replicating chromosomes that incorporated Cy3-labeled nucleotides (red
pair. (B) Diakinesis nucleus showing Cy3 (red), HIM-8 (green) and DAPI (blue). Th
analysis of individual focal planes (data stacks) reveal that these signals do not ove
incorporated Cy3-dUTP (red) and co-labeled with H3 methyl-K9 (green), counterstain
the X (containing H3 methyl-K9; green) labeled with Cy3-dUTP (red), counterst
deconvolution. All scale bars represent 5 μm.fixation schedule to control for temperature effects. Analysis of
labeled nuclei revealed that t(50% co-labeled) in N2 worms held at
25 °C in this regime was 2 h (Fig. 4A). The same temperature
shift and injection/fixation schedules described above were used
to determine S phase timing in the glp-1 mutants. Co-injection
experiments revealed that in the glp-1(oz112) gain-of-function
mutant t(50% co-labeled) was only 1.3 h (Fig. 4B). Conversely, in
the glp-1(q231) loss-of-function mutant t(50% co-labeled) was
extended to 2.9 h (Fig. 4C).
Comparing the data from the glp-1 gain-of-function and
loss-of-function double injection experiments indicates that the
time when 50% of the nuclei were co-labeled in germ lines
enriched for meiotic S was more than two times that observed in
germ lines enriched for mitotic S (Fig. 4D). The 50% co-
labeling time for N2 germ lines (2 h), in which both mitotic and
meiotic nuclei are present, was intermediate between the two,
consistent with the fact that both mitotic and meiotic S phases
were being measured (Fig. 4A). Taken together, our data
indicate that meiotic S phase is at least two times longer than
mitotic S phase in the C. elegans germ line.
The X chromosomes replicates at a different time from bulk
DNA synthesis
Whereas most S phase labeled nuclei in our experiments had
label broadly distributed on DAPI-stained chromosomes, in
some cases the fluorescence signal was restricted to a subset of
the DNA (Fig. 2), suggesting that different regions of the
genome replicate at different times. The ability to visualize the
restriction of label to a subset of chromosomes or chromosome
domains was enhanced when nuclei were allowed to enter and
progress through meiotic prophase, as chromosomes condense
and individualize during this process. We often saw a single
labeled chromosome pair in nuclei that were most proximal in
the proliferative zone at the time of injection; this is most
evident in nuclei that had progressed to the diakinesis stage
(Fig. 5A).both hermaphrodite and male germ lines. (A) Hermaphrodite diakinesis nucleus
), counterstained with DAPI (blue). Arrow points to single labeled chromosome
is projection shows overlap between a HIM-8 focus and Cy3 (yellow); however,
rlap. (C) Male pachytene nucleus showing single replicating chromosome that
ed with DAPI (blue). (D) Male pachytene nucleus showing all chromosomes but
ained with DAPI (blue). All images are projections of 3D images following
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heterochromatic-like state during meiotic prophase (Goldstein
and Slaton, 1982; Kelly et al., 2002), we hypothesized that the
single labeled individualized body was the X chromosome
pair. To explore this possibility, we microinjected young adultFig. 6. Timing of progression through meiotic prophase of wild-type hermaphrodites.
of labeled nuclei was monitored by fluorescence microscopy. Time after injection wh
each picture. Left column shows extruded gonads stained with DAPI. The right colum
images of the Cy3-labeled nuclei that are boxed in the right hand column. Left indica
Proliferative zone (PZ), Transition zone (TZ), Pachytene (P), Late pachytene (LP), D
bars in the DAPI and Cy3 columns represent 25 μm. Scale bars for far right represent
independent time courses were quantified. The mean±standard deviation of labeled n
6 h=14, 12 h=11, 24 h=17, 48 h=9, 54–60 h=5.hermaphrodites with Cy3-dUTP, allowed them to recover for
48–54 h such that the first labeled nuclei reach the diplotene/
diakinesis stage (see below), and detected the X chromosome
pair by immunolocalization of HIM-8. HIM-8 is a C2H2 zinc-
finger protein that binds the X chromosome pairing center(A) Young adult hermaphrodites were injected with Cy3-dUTP and progression
en gonads were dissected and fixed is indicated in white at the top left corner of
n shows the Cy3-labeled nuclei within the same gonads. Far right are blown up
tes meiotic prophase stage(s) of nuclei that contain Cy3 label at that time point.
iplotene (DP), and Diakinesis (DI). ∗Indicates the distal tip of the gonad. Scale
5 μm. (B) The number and stage of labeled nuclei at each time point from three
uclei at indicated stages is shown. The number of gonads examined were: 0 h=9,
Fig. 6 (continued).
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stabilization of pairing and nucleation of SC assembly (Phillips
et al., 2005). Worm gonads stained with α-HIM-8 have X-
chromosome-associated foci from the proliferative zone
through late pachytene; the foci begin to disappear at diplotene
(Phillips et al., 2005). In 23 out of 24 diplotene nuclei har-
boring HIM-8 foci and in which a single Cy3-dUTP-labeled
chromosome pair was observed, the signals were associated
with the same chromosome pair. Furthermore, in every dia-
kinesis nucleus that retained HIM-8 and had a single Cy3-
dUTP labeled chromosome pair, the signals were associated
with the same chromosome pair (4/4 nuclei; Fig. 5B),
indicating that the chromosome pair replicated at a distinct
time in S phase was the X chromosomes. Interestingly, while
Cy3 and HIM-8 staining were associated, the signals usually
did not overlap (Fig. 5B).
Similar to what was observed with hermaphrodites, males
injected with Cy3-dUTP readily incorporated label into DNA
(see Fig. 7). In male germ lines, nuclei most proximal in the
proliferative zone at the time of injection also showed a subset
of chromosomes or chromosome domains labeled. To determine
if the single X chromosome was also replicated at a different
time than bulk DNA replication in the male germ line, we
injected and dissected N2 adult male gonads as above and
performed immunofluorescence with an antibody directed
against Histone 3 dimethylated on Lysine 9 (H3 methyl-K9),
which is concentrated on the single male X chromosome (Kelly
et al., 2002). Anti-H3 methyl-K9 staining overlapped with the
single Cy3 labeled chromosome (Fig. 5C). Conversely, in nuclei
where the majority of the genome was still replicating at the
time of injection (as seen by Cy3-dUTP staining in all but one
chromosome), H3 methyl-K9 localized with the unlabeled DNA
(Fig. 5D). Thus, the heterochromatic-like X chromosome and
chromosome pair is replicated at a different time during S phasefrom the autosomes in the C. elegans germ line of males and
hermaphrodites, respectively.
Meiotic prophase in hermaphrodites takes approximately 54
to 60 h
To examine the timing of progression through the different
sub-stages and to determine the total length of meiotic prophase,
we used the S phase labeling assay to follow nuclei through
meiotic prophase over time. Young adult hermaphrodite gonads
were injected with Cy3-dUTP, and at various time points post-
injection (T=0–72 h) the gonads were dissected. The progres-
sion of labeled nuclei was observed by fluorescence microscopy
(Fig. 6A). As expected, gonads dissected at T=0 h had labeled
nuclei only in the proliferative zone. At T=6 h, labeled nuclei
were found in both the proliferative and transition zones. By
12 h, the majority of labeled nuclei were in the transition zone,
but some had reached the pachytene stage. The 24 h time point
revealed that all labeled nuclei had progressed into pachytene.
By 48 h, labeled nuclei had moved into the late pachytene
region of the gonad. At 54 h some nuclei were in diplotene (1 of
3 gonads), but most had already moved into diakinesis and by
60 h all labeled nuclei were in diakinesis or could no longer be
observed. No labeled nuclei were observed at 72 h. These
experiments indicate that meiotic prophase lasts approximately
54–60 h in young adult hermaphrodites.
The number of nuclei labeled at each time point during
three time courses was determined (Fig. 6B). The average
number of labeled nuclei was relatively similar from the
proliferative zone through pachytene. As nuclei progressed
from pachytene into diplotene and diakinesis there was a dra-
matic decrease in the number of labeled nuclei (∼100 labeled
nuclei in pachytene vs. ∼3 nuclei in diplotene/diakinesis; Fig.
6B). In the adult hermaphrodite germ line approximately half
215A. Jaramillo-Lambert et al. / Developmental Biology 308 (2007) 206–221of all germline nuclei are thought to be culled by apoptosis at
the pachytene to diplotene transition (Gumienny et al., 1999).
To determine if the reduction in labeled nuclei was due to
apoptosis, we injected and monitored labeled nuclei in the
apoptosis-deficient ced-4 mutant (Gumienny et al., 1999).
Equivalent numbers of labeled nuclei were observed through-
out the time course of the experiment, even as the nucleiFig. 7. Effect of age and contribution of sperm on meiotic progression. (A) Worms at i
dissected and fixed to visualize where the labeled nuclei were in meiotic prophase.
Proliferative zone (PZ), Transition zone (TZ), Pachytene (P), Late pachytene (LP), Di
point were: N2 L4, 0 h=6, 6 h=12, 12 h=3, 24 h=11, 48 h=8, 54–60 h=16 (in 14 g
12 h=10, 24 h=17, 48 h=9, 54–60 h=9; N2 38 h post L4 (38 h), 0 h=3, 6 h=7, 12 h
on meiotic prophase kinetics, N2 hermaphrodites, fog-2 females and fog-2 females inc
number of gonads examined at each time point were: N2, 0 h=9, 6 h=14, 12 h=10,
48 h=4, 54–60 h=17; fog-2 females+males: 0 h=3, 6 h=6, 12 h=4, 24 h=7, 48 hmoved through the pachytene to diplotene transition [T=24 h:
88±22 (n=8); T=48 h: 69±31 (n=5); T=54 h: 78±32
(n=7); T=60 h: 90±35 (n=8)]. These results suggest that
more than half of germline nuclei are removed by apoptosis
during the transition from pachytene to diplotene, or that the
labeled nuclei were more likely to be targeted for apoptosis.
However, we observed no difference in the number ofndicated age were injected with Cy3-dUTP and at various times the gonads were
The percent of gonads displaying labeled nuclei at indicated stages is shown.
plotene (DP), and Diakinesis (DI). The number of gonads examined at each time
onads no labeled nuclei were observed); N2 16 h post L4 (16 h), 0 h=9, 6 h=14,
=3, 24 h=4, 48 h=4, 54–60 h=11. (B) To determine the contribution of sperm
ubated with males, injected 16 post L4, were examined as described above. The
24 h=17, 48 h=9, 54–60 h=9; fog-2 females, 0 h=4, 6 h=7, 12 h=5, 24 h=6,
=4, 54–60 h=7.
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through pachytene to diplotene (data not shown), suggesting
that the labeled nuclei were not more likely to be targeted for
apoptosis.
We next examined the effect of hermaphroditic age on
meiotic prophase progression. All of the experiments described
above were performed on young adult worms injected 16 h post
L4; thus, at the end of the experiment all worms were 3 days
post L4. To investigate whether the length of prophase for
oogenesis was sensitive to the age of the worm, we analyzed
meiotic progression of labeled nuclei in N2 hermaphrodites that
were injected at the L4 larval stage when the first wave of nuclei
destined to become oocytes begin meiosis. Meiotic progression
proceeded similarly to, but was slightly faster than, that in the
young adult worms (Fig. 7A). This was most evident in
progression through the pachytene stage where at 24 h most
labeled nuclei were already in late pachytene. Conversely, we
found that meiotic progression was slightly slower in worms
that were injected 38 h post L4 (Fig. 7A). In this case, nuclei
spent a longer time in the transition zone. Thus, within the time
frame examined, age had a modest effect on meiotic prophase
kinetics.
Duration of pachytene during oogenesis can be modulated
by the presence of sperm
The frequency of ovulation in C. elegans is modulated by a
signal from sperm (McCarter et al., 1999; Miller et al., 2001). In
the absence of sperm, ovulation rate is dramatically reduced and
oocytes are thought to have a prolonged arrest at the diakinesis
stage. To evaluate the extent to which the duration of various
sub-stages of meiotic prophase could be modulated by inhibition
of ovulation, we examined meiotic prophase progression in
fog-2 worms in both the presence and absence of males.
fog-2(q71) XX worms are female and X0 are wild-type males
(Schedl and Kimble, 1988). fog-2 females never produce
sperm, thus they are completely lacking sperm signals for
ovulation. Meiotic prophase progression in fog-2 females in
the absence of males appeared similar to N2 hermaphrodites
from the proliferative zone until pachytene; however, the
labeled nuclei remained in pachytene throughout the rest of
the time frame of the experiment, suggesting that the time to
progress through pachytene is lengthened by at least 12 h and
likely much longer (Fig. 7B). On the other hand, fog-2
females incubated in the presence of males had similar meiotic
prophase timing as N2 hermaphrodites in the presence or
absence of males (Fig. 7B). These experiments show that the
duration of pachytene can be substantially modulated during
female meiosis by a signal(s) from sperm.Fig. 8. Timing of meiotic progression in wild-type males. (A) Young adult males we
fluorescence microscopy. In males, the band of labeled nuclei appears extended presum
when gonads were dissected is indicated in white at the top left corner of each picture.
the same gonads with Cy3 labeled nuclei. Far right are blown up images of the Cy3-l
indicated on the left. Proliferative zone (PZ), Transition zone (TZ), Pachytene (P), S
bars for DAPI and Cy3 columns represent 25 μm. Far right column scale bars represen
shown. The number of gonads examined at each time point were: N2 hermaphrodites
6 h=8, 12 h=16, 16 h=19, 21 h=10, 24 h=5. Hermaphrodites were not examinedMeiotic prophase in males is 2–3× faster than in
hermaphrodites
We also examined meiotic progression kinetics in males.
Young adult N2 males (16 h post L4) were injected with Cy3-
dUTP and at various time points (T=0–48 h) the gonads were
dissected. The progression of labeled nuclei was observed by
fluorescence microscopy (Fig. 8). Similar to what was observed
in hermaphrodites, at T=0 h Cy3-labeled nuclei were found
only in the proliferative zone and at 6 h labeled nuclei had
moved into the transition zone. The 12 h time point showed
Cy3-labeled nuclei in pachytene. However, at 20 h the labeled
nuclei were already found in primary spermatocytes (which are
in transition from prophase to metaphase I), and by 24 h labeled
nuclei were packaged into haploid (postmeiotic) sperm. The
timing of meiotic progression was similar whether the
experiments were performed on virgin males or males raised
in the presence of hermaphrodites. Thus, in contrast to
hermaphrodites, meiotic prophase lasts 20–24 h in males.
Discussion
DNA replication in the C. elegans germ line
We developed an assay to monitor DNA replication in the C.
elegans germ line and found that approximately 40–50% of
nuclei within the proliferative zone incorporate fluorescently
labeled nucleotide, suggesting that these nuclei are actively
replicating their DNA. The injected nucleotides are predicted to
be in a thousand-fold excess of endogenous nucleotide pools
based on approximation of nucleotide levels from yeast and
HeLa cells (Muller, 1994; North et al., 1980; Zhao et al., 1998).
We assume that the injected nucleotides are freely diffusible,
because germ cell nuclei are only partially enclosed by plasma
membranes and are connected via cytoplasmic bridges to the
central rachis that extends through the gonad (Hirsh et al.,
1976). Furthermore, injection into the proximal gonad did not
alter the pattern of nuclei that incorporated the fluorescent
nucleotide. Over time, we do not see nuclei in the proliferative
zone continuing to incorporate label suggesting that the
fluorescent nucleotides are immediately incorporated and any
excess removed. Furthermore, microinjections using a thousand
fold range of nucleotide concentrations produce similar results
(unpublished data). Taken together, our results suggest that
fluorescently labeled nucleotides introduced by injection are
immediately incorporated into actively replicating DNA and
that excess nucleotides are rapidly flushed out of the gonad.
We found that when two different labeled nucleotides were
delivered by microinjection at different times, extensive co-re injected with Cy3-dUTP and movement of labeled nuclei was monitored by
ably due to the gonad being narrower compared to hermaphrodite gonads. Time
Left column shows extruded gonads stained with DAPI. The right column shows
abeled nuclei that are boxed in the right hand column. Meiotic prophase stage is
permatocytes (Sc), and Sperm (Sm). ∗Indicates the distal tip of the gonad. Scale
t 5 μm. (B) The percent of gonads displaying labeled nuclei at indicated stages is
, 0 h=9, 6 h=14, 12 h=10, 24 h=17, 48 h=9, 54–60 h=9. N2 males: 0 h=16,
at 16 and 21 h; males were not examined at 48 and 54–60 h.
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co-labeling was observed at 6 h, suggesting that nuclei that were
labeled at time 0 cease to replicate after 6 h. While 6 h
represents the maximum time of S phase, it is likely an over
estimation as more than one round of replication could have
occurred (i.e., both mitotic and meiotic S phase). This 6 h
window is considerably longer than the length of S phase during
C. elegans embryogenesis (∼15 min; Brauchle et al., 2003). On
the other hand, our estimate is shorter than the 8–12 h reported
in a recent analysis using BrdU incorporation to examine the
mitotic region of the C. elegans germ line (Crittenden et al.,
2006). We think that our assay system likely gives a more
accurate estimate of S phase duration, as it is based on direct
measurement of incorporation of nucleotides into actively
replicating DNA, whereas the estimate of Crittenden et al.
(2006) is based on indirect inference as determined by the time
it took to achieve 100% BrdU labeling. While there are no
quiescent cells in the mitotic region of the germ line (Crittenden
et al., 2006), there is heterogeneity in cell cycle length among
germ cell nuclei such that the frequency of divisions is lower in
distal-most nuclei (Maciejowski et al., 2006). Thus, inferring S
phase length from the time to achieve 100% BrdU labeling
would result in an overestimation. Furthermore, the lower
frequency of divisions in the distal-most nuclei is consistent
with our observation that there is less incorporation of the
fluorescent nucleotides in these nuclei (Fig. 1).
Mitotic vs. meiotic DNA replication
Both mitotic and meiotic S phases occur in the syncytial
gonad, and our assay captures nuclei in both of these replication
modes. Analysis of labeled nuclei within the distal–proximal
axis of the gonad revealed that labeled nuclei extend from 1 to
30 cell diameters from the distal tip (Fig. 1). Crittenden et al.
(2006) observed BrdU labeling from 1 to 20 cell diameters from
the distal tip, suggesting that the distal most nuclei undergoing
DNA replication were not captured by BrdU labeling. On the
other hand, analyses of mitotic indices indicate that M-phase
extends to at least 20 cell diameters from the distal tip
(Crittenden et al., 2006; Hansen et al., 2004a,b; Maciejowski et
al., 2006). Thus, it is likely that labeled nuclei 21 to 30 cell
diameters from the distal tip are exclusively in meiotic S phase.
To tease out the relative contribution of mitotic and meiotic S
phases in our assay, we took advantage of mutant alleles of glp-
1, the C. elegans Notch homolog, which controls the mitotic vs.
meiotic cell fate decision in the germline (Austin and Kimble,
1987; Berry et al., 1997; Eckmann et al., 2004; Hansen et al.,
2004a,b; Pepper et al., 2003). Analysis of S phase timing in glp-
1 gain-of-function and loss-of-function mutants provided a
means to monitor incorporation in relatively pure populations of
nuclei undergoing mitotic or meiotic S, respectively. We found
that it took twice as long to obtain 50% co-labeling in the loss-
of-function (meiosis enriched) mutant compared to the gain-of-
function (mitosis enriched) mutant, suggesting that meiotic S
phase takes approximately twice as long as mitotic S phase.
However, the time of 50% co-labeling in wild type and glp-1
gain-of-function worms may be an over estimations as it islikely that some co-labeled nuclei result from incorporation of
the two nucleotides during different S phases. Thus, the
difference between mitotic and meiotic S phase may be greater
than the two fold observed here. Nonetheless, our results are
consistent with findings in other organisms, where meiotic S
phase is two to three times longer than mitotic S phase (Callan,
1973; Hotta and Stern, 1971; Williamson et al., 1983).
Why is meiotic S phase longer? A number of studies have
suggested that there is a link between meiotic DNA replication
and meiotic chromosome dynamics (Borde et al., 2000; Cha et
al., 2000; Collins and Newlon, 1994; Davis et al., 2001; Klein et
al., 1999; Ohta et al., 1998; Oishi et al., 2001; Pasierbek et al.,
2001). During meiosis, Spo11-dependent double strand breaks
(DSBs) in a given chromosomal region are induced after
replication of that region (Borde et al., 2000). Interestingly,
meiotic S phase is faster in the absence of Spo11, further
suggesting that meiotic S phase progression is coupled to DSB
formation (Cha et al., 2000).
During S phase, cohesins and codensins are incorporated
into the newly replicated chromosomes (Nasmyth and Haering,
2005). REC-8, a meiosis-specific cohesin, is loaded onto
chromosomes during meiotic DNA replication and genetic
analyses in a number of organisms suggest that its loading is one
important difference between meiotic and mitotic S phase (Eijpe
et al., 2003; Watanabe and Nurse, 1999; Watanabe et al., 2001).
In C. elegans, REC8 is initially found in the proliferative zone
and eventually forms longer REC-8 fragments on chromosomes
in the transition zone and pachytene (Pasierbek et al., 2001).
Thus, it is likely that REC-8 is loaded during meiotic DNA
replication and may contribute to the difference in timing
observed in mitotic and meiotic S phases in the C. elegans germ
line.
Temporal program of DNA replication
Our DNA replication assays revealed that within the C.
elegans germ line different regions of the genome replicate at
different times. Specifically, we have shown that the X
chromosomes replicate at a different time than bulk DNA
replication. DNA topology and chromatin modifications are
thought to influence the replication timing of genomic
sequences. In yeast and higher eukaryotes genetically inactive
heterochromatin replicates late during S phase (Dutrillaux et al.,
1976; Holmquist et al., 1982; Stambrook and Flickinger, 1970).
Consistent with this, origins of replication are fired late in S
phase when they are near genomic regions containing trans-
criptional silencing histone modifications (Weinreich et al.,
2004). The C. elegans X chromosome(s) exists in a condensed
structure(s) in both hermaphrodites and males (Kelly et al.,
2002), and are enriched for H3 lysine 9 and lysine 27 methy-
lation modifications associated with heterochromatin (Bender et
al., 2004; Kelly et al., 2002). Thus, the heterochromatin-like
state of the X may restrict DNA replication to late in S phase.
HIM-8 binds to the X chromosome PC (Phillips et al., 2005),
which exists near one end of the X chromosomes and plays a
role in homolog synapsis (MacQueen et al., 2005). Interestingly,
while the bulk of the X chromosome appears to replicate at a
219A. Jaramillo-Lambert et al. / Developmental Biology 308 (2007) 206–221different time from the rest of the genome, HIM-8 foci are
adjacent to, but rarely overlap with, regions with visible
fluorescent label. One possibility is that the X-PCs replicate
with bulk DNA synthesis (prior to association with HIM-8),
perhaps as a function of their roles in homolog synapsis. Taken
together, it appears that there is a defined temporal order of
origin firing for different chromosomal domains within the
C. elegans genome.
Sex-specific differences in meiotic prophase progression
Our S phase labeling assay revealed that meiotic prophase
lasts approximately 54–60 h in hermaphrodites for oocyte
production (i.e., female), while only taking 20–24 h in males for
sperm production. In hermaphrodites, meiotic nuclei destined to
become oocytes spend the majority of the time in pachytene: In
the adult hermaphrodite germ line it takes approximately 6 h for
labeled nuclei to move through the transition zone into
pachytene; however, labeled nuclei spend approximately 36 h
in pachytene before they move into diplotene. This contrasts
sharply with males, where labeled nuclei only spend about 6 h
progressing through pachytene.
What is the source of this sex-specific difference in meiotic
progression timing? During meiosis, oocytes, but not sperm,
must accumulate cellular components to support early develop-
ment. Thus, meiotic prophase may need to be delayed during
oogenesis to ensure enough material has accumulated. However,
in mice, prophase lasts over 10 days in males but only 8 days in
females. On the other hand, female mice enter prophase much
earlier than males (in utero vs. postpartum) (Cohen et al., 2006).
There are also a large diversity of gene mutations that result in
meiotic phenotype differences between males and females. In
mammals, defects in chromosome morphology or genetic
recombination lead to checkpoint-activated apoptosis in males
(Cohen et al., 2006). However, checkpoint activated apoptosis
appears to be lacking in the mammalian female germ line and
could be one reason for the high degree of meiotic defects
associated with female meiosis (Cohen et al., 2006).
In the C. elegans hermaphrodite germ line there are distinct
checkpoints that monitor both chromosome synapsis and
progression of recombination at the DNA level; defects in
chromosome synapsis and/or persistent DSBs trigger these
checkpoints, both of which direct nuclei into the apoptotic
pathway (Bhalla and Dernburg, 2005). Surprisingly, activation
of the DNA damage checkpoint by radiation results in enhanced
apoptosis in the germ line of hermaphrodites but not in the male
germ line (Gartner et al., 2000). These cell deaths occur in the
pachytene region of the hermaphrodite germ line (Gartner et al.,
2000). In C. elegans the timing difference between herma-
phrodites and males is seen at pachytene where it takes germline
nuclei in the hermaphrodite approximately six times longer to
transverse. One possibility is that hermaphrodites have stringent
meiotic checkpoints where males do not and the difference in
meiotic progression timing could be due to the normal function
of the checkpoints in the absence of activation. Further
investigation of checkpoint mechanisms in C. elegans males
may help shed light on meiotic dysfunctions related to infertility.Acknowledgments
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